In this paper, structural and photocatalytic properties of TiO 2 nanopowders doped with 1 at.% of cerium, cobalt, cooper and iron have been compared. Nanoparticles were synthesized by sol-gel technique and characterized by SEM, EDS and XRD methods. Moreover, their photocatalytic activity was determined based on decomposition of methyl orange. Results were compared with undoped powder. The structural investigations have revealed that all prepared nanopowders were nanocrystalline and had TiO 2 -anatase structure. The average size of crystallites was ca. 4 nm to 5 nm. The distribution of the dopant was homogenous in case of all manufactured powders. Moreover, for TiO 2 doped with Co, Ce and Cu, aggregation effect was not as large as for TiO 2 :Fe. The results of photocatalytic decomposition showed that self-cleaning activity of all prepared nanopowders was higher as compared to undoped one. Due to the efficiency of these reactions (after 5 hours) nanopowders can be ordered as: TiO 2 :Co > TiO 2 :Ce > TiO 2 :Cu > TiO 2 :Fe > TiO 2 .
Introduction
Decomposition of harmful compounds is a very crucial ecological problem. According to current knowledge, photocatalysis is an effective way of pollutants neutralization from the environment [1] [2] [3] [4] [5] [6] [7] [8] . Many materials can be called as a photocatalysts, but titanium dioxide is the undisputed leader in this domain [9] [10] [11] [12] [13] [14] [15] [16] . TiO 2 can be used in many different forms (e.g. coatings or nanoparticles), but its photocatalytic efficiency depends from the active surface area, which in case of nanopowders is much higher as-compared to thin-film coatings [17] . Photocatalytic activity of TiO 2 is related to many factors and can be increased in several ways, one of which is doping with different elements [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . However, we cannot say that each dopant added into TiO 2 will increase its activity. According to literature [28] [29] [30] ions of a suitable dopant introduce additional energy levels into TiO 2 band structure. They trap charge carriers in order to suppress band-to-band recombination. Moreover, * E-mail: damian.wojcieszak@pwr.edu.pl they also release these trapped carriers via thermal transition in order to receive a high number of effective charge carriers. The crucial is to choose the appropriate amount of the dopant. Based on the data reported in the literature, e.g. by Khalid et al. [26] or Bokare et al. [27] and also our previous work [31] , it can be assumed with high probability that 1 at.% of the dopant is a quite good value for the photocatalysis. Although, according to Chang et al. [28] , this issue is also attributed to the size of the photocatalyst. Suitable amount of the dopant and small sacrifices in charge carriers will reduce the carrier density in the bands. In consequence, band-to-band relaxation and diffusion of charge carriers to the surface will be inhibited. According to the literature [28, 32] , the optimal amount of the dopant for the highest photocatalytic performance is particle-size dependent. The model of Bloh et al. [32] indicates that optimum amount of the dopant is inversely proportional to the particles size. It is worth to notice that in case of large particles, the high amount of the dopant is disadvantageous, because it results in more defect-mediated recombination during 726 DAMIAN WOJCIESZAK et al.
transfer of the carriers to the surface [28, [33] [34] [35] . The carriers trapped in the quantum-sized particles are able to reach the interface, because their wave function spreads over entire aggregates of the photocatalyst, so the cancel effect can occur inside the nanoparticles [28, 30] .
It is a fact, that each dopant will have a different influence on the properties of titanium dioxide due to its energy levels, coordination number and electronegativity [28] . In this work, Co, Ce, Cu and Fe were added into TiO 2 matrix and their influence on the structure, particles size and photocatalytic activity of TiO 2 was studied. Such choice of dopants and their amount (1 at.%) was preceded by a review of the literature [26-28, 36, 37] . Addition of these dopants should increase photocatalytic activity of titanium dioxide. For example, as it was reported by Xu et al. [38] , Cu 3+ ions can improve the activity of TiO 2 nanoparticles. Choi et al. [30] has revealed that the same will happen with Fe 3+ , whereas Co 3+ ions may give opposite effect. According to Inturia et al. [36] incorporation of iron into TiO 2 matrix results in more efficient conversion in the visible light region whereas, doping with Ce, Co or Cu will work vice versa. Although, Sadanandam et al. [39] have shown that Co 2+ ions can expand the photo-response of titanium dioxide into visible light region, they also have revealed that photocatalytic efficiency of TiO 2 :Ce is the highest when amount of the dopant is 1 at.%. As it was described in the literature [37] , the size of the crystallites in Co-doped TiO 2 is smaller than in case of undoped one, which suggests that cobalt has an inhibiting role on the growth of crystallites. Doping TiO 2 with Ce, Co, Cu and Fe gives different results, because it is related to the preparation method and depends from the location of ions of these dopants in the structure of titanium dioxide. According to the literature [28] , ions of Fe or Cu can be substituted at Ti 4+ sites within TiO 2 due to similar ionic radii to Ti 4+ (0.645 Å), while Co and Ce ions most likely will be located in interstitial positions due to high difference between ionic radii. However, Ce ions can be larger than TiO 2 pore diameter, so it is more possible to find them as dispersed oxides on the surface of nanocrystals than incorporated in its lattice [36] .
As it was described in the literature [28] , ions of dopants that have high oxidation states decrease the energy of maximum and minimum of TiO 2 valence and conduction band, respectively. It is the result of oxygen deficiency for charge compensation. The high occupancy of d-orbital decreases energy of d-states, thus moving the energy levels away from the conduction band and contributing to the maximum of the valence band. According to [35] and localized Cu + (3dx2 − y2) states dominate the maximum of valence band of TiO 2 :Cu and increase its band-edge [40, 41] . Energy levels of Cu 2+ are similar to Cu + in the band structure [41, 42] . In case of cerium, incorporation of its ions at 4+ state into titanium dioxide results in occurrence of unoccupied 4f states located at 1.5 eV below the minimum of conduction band [43, 44] . For TiO 2 doped with cobalt, the tolerance of its structure can be related to the local environment of Ti [37] . The difference between the ionic radii of Co ions (i.e. at 2+ state: 0.745 Å) and Ti 4+ (0.605 Å) suggests that the solubility of cobalt in titanium dioxide will be dependent from the mechanism of charge compensation [45] . Usually, when cobalt is added to TiO 2 it is inserted at 2+ state, which results in distortion of its structure, because smaller Ti 4+ ion is replaced by larger-sized Co 2+ [46] . This effect is directly connected with introduction of oxygen vacancies to preserve charge neutrality [37] .
Experimental
Nanopowders based on TiO 2 were prepared by sol-gel technique [31] . For the synthesis, 75 mL of distilled water (pH = 1, adjusted with nitric acid, Baker, 65 %, d = 1.40 g/mL) was added dropwise to 2 mL of titanium tetraisopropoxide (TTIP, Sigma Aldrich, 98 %, d = 0.96 g/mL). Next, the solution was dissolved in 25 mL of 2-propanol (Lab-Scan, 99.7 %, d = 0.78 g/mL) under vigorous magnetic stirring and simultaneously heated at 80°C for 6 hours. The process of hydrolysis of titanium precursor occurred immediately. In consequence, transparent colloidal system (with milkylike color) with TiO 2 concentration of about 5 g/L was obtained. Then, this solution was dried in an ambient air atmosphere at 120°C for 2 hours. Thanks to that, white powder was obtained. Ce, Co, Cu and Fe doped TiO 2 nanoparticles were prepared using an appropriate amount of pure metal salts: (NH 4 ) 2 Ce(NO 3 ) 6 (36.7 mg), CoCl 2 ·6H 2 O (15.9 mg), Cu(NO 3 ) 2 ·3H 2 O (16.1 mg) and FeCl 3 (10.9 mg). They were added in order to obtain a doping level of 1 at.%.
Structural properties of synthesized nanoparticles were determined based on the results of the X-ray diffraction (XRD) method. For the measurements, Siemens 5005 powder diffractometer with CoKα X-ray (λ = 1.78897 Å) was used. The XRD studies were performed using Co lamp filtered by Fe (30 mV, 25 mA), step size was equal to 0.02°in 2θ range, while time-per-step was 5 s. The correction for the broadening of the XRD instrument was accounted and the crystallite sizes were calculated using Scherrer equation.
The surface morphology of thin films was investigated with the aid of a FESEM FEI Nova NanoSEM 230 scanning electron microscope (SEM) with 30 kV of acceleration voltage. Moreover, this system was equipped with EDAX EDS microanalyzer for investigation of material composition. Thanks to these experiments, maps with distribution of elemental composition were received.
The influence of doping TiO 2 with Ce, Co, Cu or Fe on its photocatalytic properties was estimated based on methyl orange (MO) decomposition. The experimental setup consisted of a UV-Vis light source (P UV = 183 W/m 2 , P Vis = 167 W/m 2 ) and quartz-glass reservoir, which contained 200 mL of solution with MO concentration of 10 ppm and 50 ppm of the photocatalyst. The temperature of reaction was stabilized by circulation of water through a jacket at a constant temperature of ca. 15°C. All experiments were carried out under agitation with a magnetic stirrer (700 rpm) in order to provide homogeneous concentration of the suspension in entire volume. In the experiment any external oxygen supply was used. To exclude the self-decomposition possibility of the used dye under illumination a blank experiment (in the absence of TiO 2 ) was carried out. The results have shown that the decomposition of MO in the absence of nanopowders was not observed or the rate of this reaction was very low. Moreover, 30 minutes of premixing at a constant temperature in a dark condition was enough to achieve an adsorption/desorption equilibrium and after that time, the light was switched on to initiate the reaction. To determine the change in MO concentration, the samples containing its solutions were withdrawn from the reactor regularly every 60 minutes for 5 hours. The solutions were analyzed by OceanOptics QE 65000 UV-Vis spectrophotometer coupled with Mikropack DH-2000-BAL deuteriumhalogen light source, in the wavelength range of 300 nm to 700 nm. MO concentration was calculated from the absorption peak at ca. 466 nm by means of a calibration curve.
Results and discussion
The composition of prepared nanoparticles was determined by energy dispersive spectroscopy (EDS). It was found that the amount of cerium, cobalt, cooper or iron was in quite good agreement to the base assumptions and it was c.a. 1 at.%. Moreover, the results of X-ray microanalysis ( Fig. 1) have revealed, that the distribution of material composition (Ti, O and Ce, Co, Cu or Fe) was homogenous for all the nanopowders.
It is worth to notice that the concentration of the dopants was also homogenous and aggregation effect of Ce, Co, Cu or Fe (most probably in oxide forms) was not observed. However, due to low spatial resolution of EDS method the aggregation effect in nanoscale cannot be excluded. According to our previous works [26, 31] we believe that ions of these dopants are located on the surface of TiO 2 nanocrystals and they create their own oxide forms. Such location has a positive impact on energy transfer of photogenerated charge carriers during photocatalytic reaction [26] . Structural investigation also included an analysis of the morphology. SEM images obtained for the prepared nanoparticles (Fig. 2) have shown that all of them formed aggregates. However, it can be observed that their shapes and sizes were irregular. The most fine structure had TiO 2 doped with cobalt, but also TiO 2 :Ce and TiO 2 :Cu nanopowders had quite similar and very fine form of the their morphology. In case of these powders small aggregates were present. A slightly different form had the undoped nanopowder and the one with iron, where the presence of large aggregates is very evident (Fig. 2e) . Moreover, the shape and size of TiO 2 and TiO 2 :Fe nanoparticles is not so uniform as-compared to TiO 2 :Ce, TiO 2 :Cu (Fig. 2b and Fig. 2d ) or especially to TiO 2 :Co (Fig. 2c) . Similar conclusions have been described also in literature and such effect can be obtained not only in case of change of the type of the dopant, but it can be a consequence of an appropriate selection of its amount [27, 31] . The structure of as-prepared nanopowders was determined based on XRD results. In Fig. 3 recorded patterns are presented, while in Table 1 parameters calculated on their base are collected. It was found that all prepared powders had well crystallized anatase structure. Moreover, all of them were nanocrystalline. For all samples reflections from (1 0 1), (0 0 4), (2 0 0) and (2 1 1) the activity of undoped photocatalyst. It was found that all the nanopowders were characterized by a high photocatalytic activity. According to Fig. 4 it can be concluded that doping titanium dioxide with cobalt allowed us to obtain the most active photocatalyst. After 5 hours of the reaction carried out in presence of TiO 2 :Co, 96 % of the dye was decomposed. Slightly lower activity was obtained in case of titanium dioxide doped with Ce and Cu. For these nanoparticles, after 5 hours in the solution 11 % and 12 % of methyl orange still remained. It can be concluded that their photocatalytic activity was the same. Titanium dioxide doped with iron was less active, because only c.a. 76 % of the dye was decomposed. However, this result is still better as compared to the activity of TiO 2 , where after 5 hours of irradiation of the solution, 27 % of MO was left in the reactor. Moreover, comparing the decomposition rates of the dye it can be noticed that for TiO 2 doped with Co, Ce and Fe, the reaction was still dynamic even at the end of the exposure time (after three hour), while in case of TiO 2 :Cu some saturation effect occurred. Concluding, the activity of prepared nanopowders can be ordered as follows: TiO 2 :Co > TiO 2 :Ce > TiO 2 :Cu > TiO 2 :Fe > TiO 2 (order related to results after 5 hours of decomposition). We suggest that high activity of the prepared powders was connected with small size of the particles, which were in range of c.a. 4.1 nm to 5 nm. Thanks to that, very large surface active area per gram, especially for TiO 2 :Co, TiO 2 :Ce and TiO 2 :Cu, was obtained. Moreover, as it is shown in the SEM images (Fig. 2) , in case of these photocatalysts, aggregation effect did not occur in such high degree as it was observed for TiO 2 and TiO 2 :Fe.
In our opinion, the role of ions of these dopants is beneficial in the energy transfer mechanism. Our previous works [25, 31, 48] have shown that the mechanisms of charge transport in titanium dioxide depends directly from the type of the dopant, its form (metallic or oxide one) and location (in the lattice or e.g. on the surface of TiO 2 nanocrystals). In case of as-prepared Ce, Co, Cu and Fe-doped TiO 2 nanopowders, the ions of these dopants participate in the direct or indirect transfer of excited electrons from the conduction band of the matrix (titanium dioxide), via or without its defect levels, respectively. The dopants were located probably on the surface of TiO 2 nanoparticles. This is indicated by XRD studies that have not revealed the occurrence of stress in the crystal lattice of TiO 2 (measured and standard interplanar spacing are similar in all cases). Thanks to such so called 'surface doping' ions of all dopants are involved in charge trapping, recombination and interfacial transfer.
According to work [28] , usually higher number of the trapped holes in the Fe-doped samples shows that interfacial charge transfer from the conduction band to the adsorbed oxygen molecules is more efficient than the lattice trapping by the dopants. Our experiment has shown that TiO 2 :Fe nanopowder had the lowest activity. Probably it stems from the fact that charge recombination process occurred too fast to allow interfacial transfer. As it was reported in the literature [28] this effect consumes a substantial number of effective charge carriers. An opposite effect was observed for TiO 2 doped with Co. As it was mentioned, cobalt usually occurs in TiO 2 at 2+ state. Due to its smaller ionic radius as-compared to Ti 4+ it may replace this ion and introduce oxygen vacancies, but it depends also from the local environment of titanium [37, 49] . We suggest that cobalt occurred in CoO form among TiO 2 grain boundaries and thanks to that such high photocatalytic activity has been obtained. According to work [30] , presence of Co 3+ ions would decrease the activity of titanium dioxide so their presence is rather unlikely. In case of TiO 2 doped with Ce and Cu, these ions can provide alternative pathways for energy transfer on the surface of TiO 2 nanoparticles (they can trap carriers in order to interact with the adsorbates), what results in an increase in photocatalytic activity of such powders [28, 30] . Moreover, due to location of copper ions on the surface of nanocrystals, the stabilization effect of photo-generated electrons and holes can occur [28] . This has a positive impact on the efficiency of energy transfer and photocatalytic activity of TiO 2 :Cu. In our opinion, the same effects occurred in case of our TiO 2 nanopowders doped with 1 at.% of cooper. As regards to TiO 2 :Ce, there are some reports, which testify that cerium reduces the activity of titanium dioxide because its ions act as recombination centers, but they can also inhibit the recombination via charge separation [50, 51] . Usually, the low activity of such films is obtained when cerium occurs in metallic form and its ions severe as recombination centers [52] . However, when cerium ions at 4+ state are located on the surface of TiO 2 there is an opposite effect. Ce 4+ ions strongly bind the chemisorbed oxygen radicals on the surface, thus inhibiting the interaction of these radicals with the trapped holes [28] . We suggest that similar process took place in case of our powder.
Conclusions
In this paper, structural and photocatalytic properties of nanocrystalline titanium dioxide nanopowders doped with 1 at.% of cerium, cobalt, cooper and iron have been presented. All samples prepared by sol-gel technique had TiO 2 -anatase structure, and the average size of their crystallites was ca. 4 nm to 5 nm. The distribution of used dopant was homogenous for all manufactured powders. Moreover, in case of TiO 2 doped with Co, Ce and Cu, aggregation effect was not as high as for TiO 2 :Fe or undoped TiO 2 . The results of photocatalytic decomposition showed that self-cleaning activity of all prepared nanopowders was higher as compared to undoped one. Due to the efficiency of these reactions (after 5 hours) nanopowders can be ordered as: TiO 2 :Co > TiO 2 :Ce > TiO 2 :Cu > TiO 2 :Fe > TiO 2 .
